TATA-binding protein-associated factor 7 (TAF7), a dissociable component of the general transcription factor IID (TFIID), plays a role as a check-point regulator at the step of RNA polymerase II (Pol II) transcription initiation. Here, we focused on the role of TAF7 in heat-shocked cells, where its expression is induced by heat shock factor HSF1. TAF7 is a phosphoprotein, and the phosphorylation status is related to its interaction with TFIID and to its stability controlled by the ubiquitin-proteasome pathway. TAF7 is necessary for the prolonged expression of heat shock protein genes and for efficient recovery of heat-shocked cells. During sustained transcription, TAF7, presumably its TFIID-independent form, binds the promoter and enhances the levels of Pol II at the gene body but not the promoter. These results showed the novel function of TAF7 that is necessary for the transition from initiation to elongation in multiple-round transcription.
Introduction
Exposure of cells to heat shock causes an inhibition of various cellular processes, inducing transcription, splicing, translation, and DNA replication and repair [1] . The heat shock response involves rapid and robust induction of heat shock proteins (HSPs), also known as molecular chaperones, and protects cells from the proteotoxic environment of thermal stress. Heat shock factor HSF1 is the major transcriptional regulator of HSP genes [2, 3] . Promoter-proximal pausing of RNA polymerase II (Pol II) is a widespread regulatory mechanism in gene expression, including HSP genes [4] . Upon heat shock, the activity of HSF1 is strongly influenced by post-translational modifications, and transcriptionally active HSF1 binds to the heat shock element (HSE) in the promoter. HSF1 interacts with the general transcription factors and Mediator to induce Pol II release/elongation and reinitiation [2, 3] . Analysis of HSF1 target genes shows that HSF1 also regulates the expression of non-HSP genes under stress conditions and genes that appear not to be involved in the stress response under nonstress conditions. Thus, HSF1 directs transcriptional programs distinct from the heat shock response during cell proliferation, differentiation, and aging [3, 5] .
Transcription factor IID (TFIID), a promoter-binding component of the general transcription factors, plays a crucial role in transcription initiation by Pol II [6, 7] . TFIID is a multiprotein complex consisting of the TATA-binding protein (TBP) and 14 TBPassociated factors (TAFs). The largest subunit TAF1 possesses the acetyltransferase and protein kinase activities. TAF7, a 55-kDa subunit, binds to TAF1 in TFIID [8, 9] . TAF7 negatively regulates the acetyltransferase activity of TAF1, which is necessary for transcription, thus suppressing the expression of TAF1-dependent genes [10, 11] . The transition from initiation to productive elongation requires the phosphorylation of the C-terminal domain (CTD) of Pol II [12] . At this step, TAF7 is released from TFIID, and TFIID-independent TAF7 inhibits the activity of CTD kinases, TFIIH, positive transcription elongation factor (P-TEFb), and bromodomain protein BRD4 [13, 14] . TAF7 itself is also phosphorylated by the three CTD kinases and by TAF1, and phosphorylated TAF7 in turn modulates the activity of other CTD kinases [14] . Inhibition of the CTD kinase activity would cause suppression of abortive initiation, thus TAF7 activity is necessary for transcription of many genes [13] . Therefore, TAF7 is a dissociable component of TFIID and plays a key role in functioning as a check-point regulator related to transcriptional initiation and elongation [15, 16] .
Gene-specific function of TAF7 has been known: class II transactivator (CIITA) regulates c-interferonactivated transcription of the major histocompatibility complex (MHC) class I and II genes, and TAF7 inhibits the acetyltransferase activity of CIITA during CIITAactivated transcription [17] . Studies of knockout mice showed that TAF7 is essential for embryogenesis and cell proliferation but is dispensable for the survival or proliferation-independent differentiation of mature T cells [18] . Consistently, TAF7 interacts with TAF1 and regulates cyclin D1 and cyclin A gene transcription, which is required for progression through G1 into S phase [11] . In small nuclear RNA (snRNA) transcription by Pol II, TAF7 controls recruitment of the little elongation complex to the promoter [19] . Although TAF7 is constitutively expressed in cells, DNA microarray analysis indicates that TAF7 gene expression is further induced by heat shock [20] . However, the role of TAF7 in heat-stressed cells remains unknown.
In this report, we demonstrate that TAF7 is a bona fide target of HSF1 and contains the functional HSE in the promoter region. TAF7 is an unstable phosphoprotein, and its interaction with TFIID is controlled by the phosphorylation status. We further show that TAF7 is necessary for sustained transcription of HSP genes and for efficient recovery of cells challenged by heat shock.
Results

Heat-induced expression of TAF7 is mediated by HSF1
To analyze whether TAF7 expression changes under thermal stress conditions, we performed RT-PCR using HeLa cells exposed to heat shock at 42.5°C for 1 h. The mRNA levels of TAF7 accumulated and reached a 3.0-fold increase at 4 h of 37°C recovery after heat shock, such as HSP70 (Fig. 1A) . The expression of TAF1 and TAF5, as well as GAPDH, was not affected by heat shock treatment. Western blot analysis showed that the TAF7 protein levels increased similarly to mRNA expression after heat shock (Fig. 1B) .
The TAF7 promoter region from À725 to +718 relative to the transcription initiation site was cloned upstream of the luciferase gene to construct TAF7p(-725)-LUC (Fig. 1C) . The luciferase activity of TAF7p (-725)-LUC was increased 1.5-fold by heat shock as compared to controls. A constitutively active form of HSF1 (HSF1-DR) contains deletions in the central repression domain [21] . Cotransfection of HSF1-DR resulted in a 1.7-fold increase in the luciferase activity under normal conditions, suggesting the presence of HSE in the TAF7 promoter. The promoter region from À128 to À380 was necessary for the heat shock response and HSF1-DR-induced expression of reporters. Sequence analysis showed the presence of HSEs in this region (Fig. S1 ).
Cells were transfected with the TAF7(-380)-HA construct, which contained the TAF7 promoter and coding region tagged with the hemagglutinin (HA) sequences at the 3 0 end, and the expression of ectopic TAF7-HA was analyzed by western blotting with an anti-HA antibody (Fig. 1D ). TAF7-HA levels increased after heat shock treatment; however, deletion of the putative HSEs led to loss of the heat-induced accumulation, which was consistent with the results of a luciferase assay.
To examine the binding of HSF1 to the TAF7 promoter, we conducted chromatin immunoprecipitation (ChIP) assays (Fig. 1E) . HSF1 bound the putative HSEs of the TAF7 promoter under heat shock conditions, although it failed to do so under nonheat shock conditions. The specificity was indicated by the lack of HSF1 binding to the TAF7 gene body. These results indicated that heat-activated HSF1 binds the TAF7 HSE and induces TAF7 expression.
TAF7 plays an important role in cell growth under thermal stress conditions
To investigate the impact of heat-increased TAF7 on cell growth, we performed a proliferation assay. Transient transfection of TAF7 siRNA led to a significant decrease in the TAF7 levels, without changing the levels of other TAFs, such as TAF1 or TAF5 ( Fig. 2A) . The TAF7-silenced cells showed no changes in the proliferation rate under normal conditions (Fig. 2B) , where the TAF7 levels remained reduced to 40-50% of control cells ( Fig. 2A) . However, silencing TAF7 significantly decreased cell proliferation after heat shock at 42.5°C for 1 h (Fig. 2B ). This heat shock condition did not notably affect cell survival [22] . Thus, TAF7 is necessary for rapid recovery of cells exposed to thermal stress.
TAF7 is a labile protein degraded by the ubiquitin-proteasome system
In the course of the study, we found that TAF7 is an unstable protein. As shown in Fig. 3A , the TAF7 levels, but not the GAPDH levels, were rapidly decreased, when de novo protein synthesis was blocked by cycloheximide. Heat shock did not affect the degradation rate of TAF7. The ubiquitin-proteasome pathway is known to be involved in the degradation of cellular proteins [23, 24] . The addition of proteasome inhibitor MG132 to TAF7-HA-expressing cells resulted in a 1.8-fold increase in the TAF7-HA levels, without changing the levels of GAPDH (Fig. 3B) . We then examined ubiquitination of TAF7. Cells were transfected with expression constructs of HA-and six histidine-tagged TAF7 (TAF7-HAHis) and Myctagged ubiquitin, and extracts were subjected to a Ni-NTA pull-down assay (Fig. 3C) . The results of anti-Myc western blotting showed the presence of poly-ubiquitinated TAF7, while the poly-ubiquitination levels were not affected by heat shock. Collectively, the TAF7 protein levels in cells depend on the ubiquitin-proteasome system. Because heat shock treatment has no effect on the TAF7 degradation, the heatinduced accumulation of TAF7 reflects the increase in its mRNA levels.
Hypophosphorylated unstable TAF7 increases in heat-shocked cells
To assess the phosphorylation status of TAF7 in heatshocked cells, we performed western blot analysis using Phos-tag-containing gels. Phos-tag retards the migration of phosphorylated protein, and TAF7 was separated into two forms: slower migrating hyperphosphorylated forms and faster migrating hypophosphorylated/unphosphorylated forms (Fig. 4A) . The hypophosphorylated TAF7 levels were increased after heat shock treatment, while the hyperphosphorylated TAF7 levels remained unchanged. When cells were challenged with cycloheximide, hypophosphorylated TAF7 was rapidly degraded independently of heat shock treatment; however, hyperphosphorylated TAF7 was relatively stable (Fig. 4B) . These results showed dynamic changes of hypophosphorylated TAF7 in cells.
We analyzed the phosphorylated residues by using TAF7-HA containing an alanine substitution mutation at phosphorylatable serine residues. On Phos-tag western blotting, hyperphosphorylated TAF7-HA was separated into two forms, +P1 and +P2 (Fig. 4C) . Both bands were observed in TAF7-HA derivatives containing a serine-to-alanine substitution at residue 264 (S264A), S200A/S201A, and S213A, whereas S159A had only +P2 bands and S171A had only +P1 bands. Therefore, serine-159 and serine-171 are phosphorylated in TAF7-HA. Comparison of TAF7-HA in control and heat-shocked cells again showed that the phosphorylation status of TAF7 is not significantly affected by heat shock.
Previous reports have shown that TAF7 exhibits at least two distinct forms and is present in complexes with TFIID or as free protein. To analyze the TFIIDbound and TFIID-unbound forms of TAF7, cell extracts were subjected to immunoprecipitation analysis using an anti-TAF1 antibody (Fig. 4D) . Quantitative western blot analysis showed that only a part of TAF7 was coimmunoprecipitated with TAF1 and was approximately 30% of total TAF7, although almost all TAF5 was incorporated into a complex with ), and viable cells were counted using the trypan blue exclusion method. For heat shock experiments, cells were exposed to 42.5°C for 1 h and returned to 37°C. The relative cell number was compared with day 0. The data are expressed as the mean AE SE of three independent experiments. *P < 0.05.
TAF1. Interestingly, coimmunoprecipitated TAF7 was hypophosphorylated as judged by Phos-tag western blotting (Fig. 4E) . Therefore, the different phosphorylation status of TAF7 was related to the stability and differential interactions with TFIID: some of unstable hypophosphorylated forms are the components of TFIID, while most of stable hyperphosphorylated forms are present as free proteins. When cells were exposed to heat shock, the levels of TAF7, but not TAF1 or TAF5, increased~2-fold (Fig. 4F, INPUT) . The composition of the TAF1-containing complex, presumably TFIID, remained unchanged, because similar levels of TAF7 and TAF5 were coimmunoprecipitated with TAF1 (IP: a-TAF1). Therefore, heat shock causes an increase in the unstable, hypophosphorylated, free forms of TAF7. 
TAF7 is required for the sustained expression of HSP genes
We examined the functional role of TAF7 in HSP gene transcription under thermal stress conditions. For this, intron primers were used for quantitative RT-PCR to analyze the levels of pre-mRNA nascent transcripts (Fig. 5A) . The pre-mRNA levels of HSP27 and HSP90 were rapidly and robustly increased by heat exposure and gradually decreased after heat exposure (Fig. 5B) . Silencing TAF7 resulted in a significant reduction in the pre-mRNA levels during the heat recovery periods (R1 and R2), although the initial pre-mRNA levels (R0) were unchanged. The results were confirmed by ChIP analysis: at 2 h of recovery, binding of Pol II to the HSP27 and HSP90 gene bodies was observed, but the occupancy was significantly reduced in TAF7-silenced cells (Fig. 5C ). Therefore, TAF7 is involved in sustained transcription, but not initial transcription induction, of HSP genes.
To assess the impact of TAF7 on transcription initiation from the HSP promoters, we carried out ChIP assays using antibodies against Pol II, TAF1, and TAF7 (Fig. 5D) . At 2 h recovery after heat shock, Pol II occupied the HSP27 and HSP90 promoters in control cells, which was consistent with the sustained expression of these genes. In contrast to the results of Fig. 5C , Pol II binding to the promoters was not affected by TAF7 depletion. TAF1 showed negligible promoter occupancy, although TAF7 did bind to the promoters in control cells (Fig. 5D ). Our ChIP assays showed the binding of TAF1 to the control RPS2 (ribosomal protein S2) promoter under the same conditions (data not shown). These results suggest that during the sustained transcription initiation, TAF7 is recruited to the HSP promoters independently of Pre-mRNA levels of HSP27 and HSP90 in heat-shocked cells. Cells transfected with siTAF7 or scrambled siScr RNA were cultured at 37°C (C), heat-shocked at 42.5°C for 1 h, and allowed to recover (R) at 37°C for 0, 1, or 2 h. Total RNA prepared from the cells was subjected to real-time qPCR using intron-containing gene body primers. The relative pre-mRNA levels were compared with heat-shocked cells (R0) transfected with siScr. The data are expressed as the mean AE SE of three independent experiments. *P < 0.05. (C) Binding of Pol II to the HSP27 and HSP90 gene bodies. Cells transfected with siTAF7 or siScr RNA were heat-shocked at 42.5°C for 1 h and allowed to recover at 37°C for 2 h. Chromatin samples were subjected to immunoprecipitation with anti-Pol II and control (Cont) antibodies. DNA fragments prepared from input samples (IN) and immunoprecipitates (IP) were analyzed by real-time qPCR using gene body primers. The IP/IN ratios are expressed as the mean AE SE of three independent experiments. *P < 0.05. (D) Binding of Pol II, TAF1, and TAF7 to the HSP27 and HSP90 promoters. Chromatin samples were prepared as in (C) and subjected to immunoprecipitation with anti-Pol II, anti-TAF1, anti-TAF7, and control antibodies. DNA fragments were analyzed by real-time qPCR using promoter primers. The IP/IN ratios are expressed as the mean AE SE of three independent experiments. *P < 0.05. TAF1 (or TFIID) and enhances Pol II transition from initiation to elongation.
Discussion
Our study provided evidence for an important role of TAF7 in the regulation of HSP gene expression. We have demonstrated that TAF7 expression is induced via HSF1 binding to the TAF7 promoter upon heat shock and that TAF7 is necessary for efficient recovery of heat-shocked cells. In cells, hypophosphorylated TAF7 increases after heat shock. This form is rapidly degraded by the ubiquitin-proteasome system, whereas hyperphosphorylated forms are relatively stable. TFIID contains hypophosphorylated TAF7. The sustained expression of HSP genes in heat-shocked cells is enhanced in the presence of TAF7, which appears to be independent of TAF1 or TFIID. TAF7 is not involved in the recruitment of Pol II to the promoter, rather it increases the levels of Pol II engaged in transcription elongation. These results suggest that free TAF7 at the promoter is necessary for the transition from initiation to elongation in the reinitiation cycle of Pol II. Among 14 human TAF genes, TAF7 is the only intronless gene. Intronless genes, which would be expressed more efficiently, are involved in immediate responses to extracellular signals, and thus they encode regulatory proteins that are important for growth, proliferation, and development [25] . Although transient TAF7 depletion did not significantly affect cell proliferation under normal conditions (Fig. 2B) , persistent depletion reduces both cell viability and growth [13] , and TAF7 is essential for proliferation and/or survival of mouse embryonic fibroblasts [18] . Stress responses are firmly linked to cell proliferation. Transcription factors JUN and FOS control cell proliferation, and their expression is also heat-inducible [26, 27] . Although TAF7 is constitutively expressed in cells, its expression is enhanced by HSF1 in response to heat shock. TAF7 is a labile protein, suggesting that transiently increased TAF7 maintains sustained expression of HSP genes, which would enhance efficient recovery of cells challenged to thermal stress. Therefore, TAF7 has an important role under specific cellular conditions, although it is a component of the general transcription factor TFIID.
TAF7 is phosphorylated by TAF1 and by three CTD kinases TFIIH, P-TEFb, and BRD4 [11, [13] [14] [15] . TAF1 phosphorylates TAF7 at serine-264 during the G1 phase of the cell cycle, which causes release of TAF7 from TFIID and allows TFIID to enhance cyclin D1 and cyclin A gene transcription [11] . We have shown that hypophosphorylated TAF7 is a component of TFIID (Fig. 4E) . However, we also found that serine-264 did not make a large contribution to the formation of the hypo-and hyperphosphorylated forms on Phos-tag western blotting (Fig. 4C) . TAF7 is phosphorylated at multiple sites by various kinases [14, 28] , suggesting that although serine-264 phosphorylation disrupts the interactions between TAF7 and TFIID, phosphorylation of other sites is still necessary for formation of hyperphosphorylated, TFIID-unbound forms of TAF7. During the transition from initiation to elongation, TAF7 released from TFIID regulates CTD phosphorylation by TFIIH, P-TEFb, and BRD4 [13, 14] . Despite its important role in the transition step, not all transcription is TAF7 dependent [16] . In the case of HSP gene expression, TAF7 is dispensable for robust pre-mRNA synthesis upon heat shock (Fig. 5B) . Rather, TAF7 is necessary for reinitiation during the recovery period. The ChIP assays show that TAF7, but not TAF1, occupies the HSP promoters (Fig. 5D) , suggesting that the TFIID-independent form of TAF7 engages in reinitiation. In vitro experiments have shown that TFIID is necessary for reinitiation as a platform for Pol II binding [29] . In heat-shocked Drosophila cells, however, TBP and several TAFs, but not HSF, diminish from the hsp70 promoter upon transcription initiation [30] . It is possible that, in the absence of TFIID, TAF7 is recruited to the promoter through direct interaction with HSF1 [31] .
Unlike other TAFs, TAF7 is a heat-inducible protein and is involved in efficient recovery of heatshocked cells. We have also demonstrated the dynamic features of TAF7 in the protein levels, phosphorylation status, and interaction with TAF1. The TAF1-independent form of TAF7 engages in multiple-round transcription by Pol II. In conclusion, the current investigation highlights the novel function of TAF7 in transcription and stress responses.
Materials and methods
Plasmids
The promoter and gene body regions of TAF7 were amplified by PCR from the genomic DNA of HeLa cells. The promoter region (from À725 to +718, relative to the transcription initiation site) was cloned upstream of the firefly luciferase gene of the pGL3-Basic vector (Promega, Madison, WI, USA) to create pGL3-TAF7p(-725)-LUC. The promoter and gene body regions were cloned into pBK266, a derivative of pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA) containing three copies of the influenza hemagglutinin (HA)-tag sequences [22] to create pcDNA(-CMV)-TAF7(-380)-HA and pcDNA(-CMV)-TAF7(-128)-HA. In these constructs, the cytomegalovirus promoter of pBK266 was deleted, and the TAF7-HA region was transcribed by their own TAF7 promoter. The TAF7 gene body was also cloned downstream of the cytomegalovirus promoter of pBK266 to express TAF7-HA (pcDNA-TAF7-HA). Plasmid pcDNA-TAF7-HAHis contained HA and six histidine (His)-tag sequences. The construct expressing Myc-tagged ubiquitin (pcMycUb) was a kind gift from Dr. Ohshima [32] .
Cell culture and transfection
HeLa cells were maintained as described previously [22, 33, 34] . Transfection was carried out using HilyMax reagent (Dojindo Laboratories, Kumamoto, Japan) and RNAiMAX reagent (Invitrogen). For the cell proliferation assay, 40 000 cells were seeded in 24-well plates, and passaged before exposed to 42.5°C for 1 h after transfection with siRNA and cultured for 2 days. The relative cell number was compared with starting proliferation assay day 0.
RT-PCR assay
Total RNA was isolated from cells using ISOGEN II reagent (Nippon Gene, Osaka, Japan), and cDNA was synthesized as described previously [22] . The RT-PCR product quantities were quantified using GelPro Analyzer software (Media Cybernetics, Rockville, MD, USA) and were compared after normalizing each sample to the amounts of GAPDH PCR products [22] . The real-time quantitative PCR (qPCR) analysis was performed using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and the LightCycler 96 system (Roche Applied Science, Tokyo, Japan) with 18S rRNA as the normalization control. The primer sequences are shown in Table S1 .
Western blot analysis
Cell extracts were prepared and subjected to Phos-tag (Wako Pure Chemicals, Osaka, Japan) SDS/polyacrylamide gel electrophoresis (PAGE) and standard SDS/PAGE [33, 34] . Western blot analysis was performed using anti-TAF7 (GeneTex, Irvine, CA, USA; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-TAF1 (Bethyl Laboratories, Montgomery, TX, USA), anti-TAF5 (Bethyl Laboratories), anti-HSP70 (StressMarq Biosciences, Victoria, BC, Canada), anti-GAPDH (Sigma-Aldrich, St Louis, MO, USA), anti-HA (Sigma-Aldrich), and anti-Myc (MBL, Nagoya, Japan) antibodies [33, 34] .
Luciferase assay
HeLa cells were transfected with DNA mixtures containing firefly luciferase reporter plasmid and Renilla luciferase control plasmid (pRL-TK, Promega). The plasmid construct expressing constitutively active HSF1 was HSF1-DR lacking the central repression domain [22] . For heat shock experiments, the cells were exposed to 42.5°C for 1 h and then recovered at 37°C for 4 h. The luciferase assay was performed using the Dual-Luciferase Reporter Assay System (Promega), as described previously [22] .
Chromatin immunoprecipitation assay
The chromatin immunoprecipitation assay was performed using anti-HSF1 (Stressgen Biotechnology, San Diego, CA, USA), anti-TAF1, anti-TAF7, and anti-RNA polymerase II (Pol II) (8WG16) antibodies [22] . The samples were analyzed by PCR and real-time qPCR. The primer sequences are shown in Table S1 .
Immunoprecipitation assay
Cell extracts were prepared and incubated with antibodies and with Protein G Magnetic beads (New England Biolabs, Ipswich, MA, USA), as described previously [33] . Beads were washed with lysis buffer and bound proteins were subjected to western blotting.
His-tag pull-down assay
Cells were lysed in guanidinium lysis buffer and extracts were incubated with Ni-NTA agarose beads (Qiagen, Hilden, Germany) for 3 h according to the manufacturer's instructions. Beads were washed with buffer containing 20 mM sodium phosphate (pH 7.8), 8 M urea, 500 mM NaCl, 0.2% Nonidet P-40, and 10 mM imidazole and bound proteins were subjected to western blotting.
Statistical analysis
The data are representative of at least three independent experiments. Significant differences were analyzed by Student's t-test.
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